Abstract -Haemonchus cysteine proteases, because of their apparent critical function in worm physiology, are considered important candidates in the immunological control of haemonchosis in sheep. Only limited information is, however, available on the immunoprotective properties of these molecules in goats. In the present study cysteine proteases of Haemonchus contortus adult worms isolated from a goat strain (Gran Canaria, Spain) were enriched by affinity chromatography and evaluated as immunoprotective antigens against caprine haemonchosis. The eggs per gram of faeces averaged over the whole experiment for unvaccinated goats (550 ± 13.5) was significantly greater (P < 0.001) than that of vaccinated goats (61 ± 2.9). Accordingly, the worm burden was significantly different between the groups (P < 0.05), with mean values of 247.5 ± 43.8 and 762.5 ± 78.3 worms per animal in the immunized and nonimmunized goats, respectively. The percentage of egg (89%) and worm (68%) reduction approached those attained with other immunogens used in sheep.
INTRODUCTION
Haemonchus contortus is a gastrointestinal nematode of small ruminants that causes anemia, emaciation, edema and gastric disturbance resulting principally from the loss of blood; heavy infection may be fatal. The control of H. contortus is largely based on pasture management and the use of anthelmintics. Clean pastures are not, however, readily available under intensive grazing conditions and there is an increasing occurrence of parasites resistant to anthelmintics [4, 11, 15, 28, 30, 31] . Therefore, increasing attention has been given to the development of alternative control methods such as the use of vaccines.
Several studies have been carried out on the immunological control of haemonchosis. The immunoprophylactic properties of excretory-secretory products [23] , different adult membrane antigens, such as H11 [17] , H-gal-GP [26] or p26/23 [7] and antigens purified from larvae, such as the Hc-SL3 antigen [9] have been investigated. Cysteine proteases, because of their apparent critical function in worm nutrition, immune evasion or both [21] have also been assessed as vaccine candidates. Cysteine proteases have been implicated in the protection conferred by vaccination with affinity purified detergent-soluble extracts of H. contortus [1, 14] .
Most of the vaccination trials against H. contortus have been performed in sheep and relatively little is known about the immunological response of goats against these compounds, even though it is well documented that these host species show different susceptibilities to parasite infection [8, 18] . In the present study, cysteine protease enriched protein fractions of H. contortus adult worms isolated from naturally infected goats were evaluated as immunoprotective antigens against caprine haemonchosis.
MATERIALS AND METHODS

Parasites and antigens
Parasites were obtained from a strain of H. contortus isolated from naturally infected goats in Gran Canaria (Spain). Adult worms were homogenized in 1XPBS, centrifuged at 10 000 g at 4 °C and the supernatant was collected, filtered (0.22 µm) and stored at -20 °C for subsequent analyses. Protein concentrations of the homogenates (PBS soluble protein extracts) were estimated by spectrophotometric assays at 595 nm with Bradford's Method [3] .
Proteolytic activity of Haemonchus
PBS soluble protein extracts
Proteolytic activity was determined in duplicate by colorimetric analysis using azocasein (5 mg/mL), 2 mM DTT and 50 µL aliquots of homogenate (2.5 mg/mL) in a 0.5 mL assay volume. The samples were incubated at 37 °C overnight using 0.1 M Phosphate (pH 4, 5 and 6) or 0.1 M Tris-HCl (pH 7, 8 and 9) as incubation buffers and unhydrolyzed substrate was precipitated on ice with 500 µL trichloroacetic acid. After centrifugation (10 000 g at 4 °C), the absorbance of the supernatants was measured at 405 nm. To characterize the protease activity, the protease inhibitors E64 (0.2 mM), Pepstatin A (0.2 mM), EDTA (2 mM) and PmsF (1 mM) were preincubated with the homogenates for 30 min prior to the addition of the azocasein substrate. All compounds were purchased by Sigma Aldrich (St. Louis, USA) and the solutions are given as final concentrations.
Haemonchus PBS soluble extracts were also checked for protease activity by gelatin gel electrophoresis as described by Ruiz et al. [22] . Briefly, gelatin was incorporated into 12% gel slabs at a final concentration of 0.1%. Dilutions 1:3 of the homogenate in sampling buffer were applied into the gel and fractioned under non reducing conditions. Following electrophoresis at 100 V constant voltage for one hour at 4 °C, the gels were washed in 2.5% Triton X-100 for 30 min and rinsed extensively in H 2 O to remove the SDS. The effect of pH on the protease activity in the gels was determined using the same buffers as for the colorimetric assays. Incubations at pH 4, 5 and 6 were preceded by a preincubation at 37 °C for 30 min with 2 mM DTT. The zones of proteolysis were visualized by Coomassie blue staining after an incubation period of 16 h at 37 °C. For inhibitor sensitivity analysis, after electrophoresis, the gels were sliced, washed in 2.5% Triton X-100 and water and gel slices were incubated for 16 h with buffer containing the inhibitors E64 (0.2 mM), Pepstatin A (0.2 nM), EDTA (2 mM) and PmsF (1 mM).
Chromatography on Thiol-Sepharose
After buffer exchange to Tris-NaCl buffer pH 7.4 (10 mM Tris, 0.5 M NaCl) on a HiTrap-Desalting column (Amersham Pharmacia Biotech, Upsala, Sweden) at 5 mL/ min, the Haemonchus PBS soluble protein extracts were applied to a Thiol-Sepharose column (Amersham Pharmacia Biotech, Upsala, Sweden) as described by Knox et al. [14] . Bound material was eluted by washing with the same buffer containing 25 mM L-cysteine (Merck, Darmstadt, Germany). The peak fractions were pooled and the L-cysteine was removed by passage at 5 mL/ min through the desalting column. The proteins present in these eluates are referred to as PBS soluble Thiol Sepharose binding proteins (PBS-TSBP).
Peptide and protease composition of Haemonchus PBS-TSBP
The activity and characterization of the proteases present in the eluates were demonstrated by colorimetric assays similar to those described in Section 2.2 using an antigen concentration of 140 µg/mL. The general protein profile of these eluates was determined by SDS-PAGE (12%) under non reducing conditions and compared to the protein fractionation observed in PBS soluble protein extracts.
Animals and the immunization trial
Twelve male goats from Gran Canaria (Spain) were reared from birth in covered pens in conditions designed to exclude helminth infections. They were fed with commercial pelleted rations for goats and water and mineralized salt were available "ad libitum". When the animals were six months old they were randomly allocated into three groups. No evidence of nematode infection was observed until that date. Group A (n = 5) was immunized on five consecutive weeks by intramuscular injections of 50, 75, 100, 100 and 300 µg of the cysteine protease enriched fractions. Freund complete adjuvant was used for the first immunization and Freund incomplete adjuvant for the rest. The animals from group B (n = 5) were subjected to the same protocol of inoculation but using buffer instead of the antigen. Groups A and B were challenged by intra-ruminal injection of 10 000 H. contortus infective larvae on week 7. Goats from group C (n = 2) were uninfected and unimmunized animals and served as controls. The presence of specific antibodies (IgG) against the immunogens was confirmed by indirect ELISA [19] using an antigen concentration of 1 µg/mL and dilutions of 1:200 and 1:4000 for the serum samples and conjugate (anti-goat IgG-peroxidase; Sigma Aldrich, St. Louis, USA), respectively.
Faecal egg counts were performed by the McMaster technique [29] two days a week from day 21 after challenge until the end of the experiment (week 15). At necropsy, the abomasa were removed, opened and washed, and the total number of worms were counted following standard procedures [16] .
Statistical methods
Statistical analyses were performed by the t-Test and One Way ANOVA. Differences were considered significant for P < 0.05. All data (eggs per gram of faeces, worm burden and IgG values) were uniformly distributed according to the Kolmogorov-Smirnov's Normality Test and were expressed as the mean ± SEM (Standard Error of the Mean).
RESULTS
Proteolytic activity of Haemonchus
PBS soluble protein extracts
The proteases present in the homogenates of H. contortus adult worms hydrolyzed azocasein over the pH range 4 to 8 with an optimum of pH 5 (Fig. 1) . The protease inhibitor E64 reduced the enzymatic activity by 50.5% at pH 5 while no inhibitory effect was observed with EDTA, PmsF nor Pepstatin A.
Gelatin gels revealed one major fraction with proteolytic activity with an apparent molecular weight of approximately 35 kDa (Fig. 2) . This protease activity was only observed at pH 5 and was completely inhibited by E64. EDTA, PmsF and Pepstatin A had no effect.
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Peptide and protease composition of Haemonchus PBS-TSBP
Under non reducing conditions, Haemonchus PBS-TSBP comprised a prominent band at approximately 60 kDa and a faintly staining material with a slightly higher molecular weight (62-64 kDa) (Fig. 3) . Two additional proteins visualized around 35 kDa (see arrow in Fig. 3 ) might presumably correspond to the proteases of similar molecular weight detected by gelatin gel electrophoresis (Fig. 2) .
The protease activity of Haemonchus PBS-TSBP fractions (purified antigen) was present over the pH range 4 to 8 with an optimum of pH 5 and a similar profile to that observed for the Haemonchus PBS soluble protein extracts (crude antigen) (Fig. 1) . The enzymatic activity was reduced by 42.5% with E64 at pH 5 and unaffected by EDTA, PmsF or Pepstatin A.
Antibody response of immunized goats
Specific antibodies (IgG) against the enriched cysteine protease fractions used as immunogens were first observed in group A three weeks after the first immunization, reached peak values at week 7 and remained significantly high until the end of the experiment in relation to control groups B and C (P < 0.001) (Fig. 4) . 
Egg counts and worm recovery
Positive egg counts were observed from week 5 post-challenge. From this week onwards, the number of eggs per gram of faeces (EPG) was lower in the immunized goats (from 0 to 150 EPG) than in the nonimmunized animals (from 150 to 850 EPG). Differences were significant (P < 0.05) from week 6 post-challenge until the end of the experiment (Fig. 5) . Accordingly, the EPG averaged over the whole experiment for unvaccinated goats (550 ± 13.5) was significantly (P < 0.001) greater than those of vaccinated goats (61 ± 2.9).
The number of adult worms recovered from the abomasa at necropsy was statistically different between the groups (P < 0.05), with mean values of 247.5 ± 43.8 and 762.5 ± 78.3 worms per animal in the immunized and non immunized goats, respectively.
DISCUSSION
The present study demonstrates that a cysteine protease enriched fraction of adult H. contortus has an immunoprotective effect for goats. According to molecular weight, optimum pH and the inhibition by E64, the proteases identified here seem to be cysteine proteases similar to those described previously in different ovine strains of the parasite [12, 13] . A cysteine protease of 35 kDa was first reported by Cox et al. [5] as a major component of protein extracts isolated from ovine H. contortus adult worms.
The levels of immunoprotection observed in this study approached those obtained in goats using gut protein from H. contortus [10] and those achieved in sheep using excretory-secretory products [23] , antigens purified from larvae [9] or different adult membrane antigens [7, 17, 26] . The percentages of egg and worm reduction were also comparable to those attained by Knox et al. [14] in sheep using enriched cysteine proteases purified from Triton X-100 soluble membrane-bound protein extracts from adult worms (S3). By contrast, these authors only achieved a marginal, not significant reduction in egg output when using as immunogen a combination of PBS soluble (S1) and Tween 20 soluble (S2) membraneassociated protein extracts purified by a similar methodology. The disparity between the immunoprotective effect of PBS soluble extracts against haemonchosis reported by Knox et al. [14] and that obtained in the present investigation may be due to the peculiarities of each immunization trial. Actually, although the total amount of antigen was approximately the same in both studies, the number of immunizations, the doses of antigen used in each immunization and the period between immunizations were different. Besides, Knox et al. [14] used the Freund complete adjuvant for all three immunizations with S1/S2 parasite extracts. Discrepancies obtained between the present experiment and this previous one may also account for differences in the immunogenicity of the PBS soluble extracts employed in each study. Proteases purified by Knox et al. [14] from S1/S2 extracts had molecular weights between 50 and 55 kDa, which differs from the 35 kDa cysteine proteases reported here. A Haemonchus protease with similar molecular weight was identified by Cox et al. [6] in a fibrinogenase complex marginally protective for sheep [2] . Supporting geographic differences between cysteine proteases, in a UK strain of H. contortus Skuce et al. [24] failed to amplify any gene of the AC-family or gcp7 identified in USA strains of the parasite [19, 20] . Instead, a panel of six protease homologues (designated hmcp1-6) was amplified. Host factors should also be taken into consideration when the immunoprophylactic value of a particular antigen is investigated. Therefore, sheep (Knox et al. [14] ) and goats (the present study) do not necessarily have identical responses to immunization with PBS soluble extracts and have different susceptibilities to nematode parasite infections [8, 18] . Actually, compared to published data from sheep [2, 14] we found positive egg counts 1-2 weeks latter and relative low EPG.
Colorimetric assays indicate that the passage of PBS soluble protein extracts through Thiol Sepharose resulted in approximately a 10-fold enrichment of protease activity. The similarities in the pH influence (Fig. 1) and the inhibition by E64 between the crude antigen and the purified antigen (PBS-TSBP) used in the immunizations suggested that the immunogen included cysteine proteases similar to those characterized for the Haemonchus PBS soluble protein extracts. However, as judged by the peptide profile of the purified antigen (Fig. 3) the IgG production and consequently the protection observed may not only be attributable to the cysteine protease components of PBS-TSBP. Actually, the 60 kDa band probably corresponds to glutamate dehydrogenase, which is also the major protein component in TSBP from detergent extracts of Haemonchus. This band was strongly recognized by antisera from sheep demonstrably protected following immunization with these TSBP detergent extracts [25] .
The PBS-TSBP antigens would be expected to contain cysteine proteases released from the intestine of the parasite as E/S products [27] and hence could interact with the host immune system. In the present study we found high levels of anti-PBS-TSBP antibodies from the third immunization onwards, but no significant increase was detected after the challenge with H. contortus infective larvae. Probably, the IgG production stimulated by the parasite infection was imperceptible when compared to IgG induced by the immunizations. Besides, apart from the potential action of the antibodies on the gut surface proteins, the protection could also depend on the local or cell-mediated immunity, which has not been tested here. The intrinsic mechanism of immunoprotection developed by PBS-TSBP can not be inferred from the present study. Further investigations should be addressed to elucidate the particularities of the immune response of goats vaccinated with these antigens including additional fractionation experiments and the evaluation of different types of adjuvants.
